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Abstract: We provide a determination of the complete angular distribution for the
four body rare decay Λb → Λ(→ Npi)`+`−, with unpolarized Λb baryons and massive
leptons, in the operator basis approach which includes the scalar, pseudo-scalar,
vector, axial-vector and tensor operators. Especially, the contributions of tensor
operators have been calculated for the first time in this work. Since the lepton mass is
retained in our calculations, the lepton flavour universality and the decay mode Λb →
Λ(→ Npi)τ+τ− can be investigated in detail. For comparison with the experiment,
we study the numerical results of observables within the Standard Model and the
S1 + S3 Leptoquark model. Significant deviation can be found between experiment
data and the Standard Model predictions. The S1 + S3 Leptoquark model can be
further explored with the experimental progresses. In addition, we demonstrate the
sensitivity of various angular observables to tensor operators contributions firstly,
and find out that the potential New Physics effects of tensor operators can not be
ignored in b→ s`+`− transitions.
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1 Introduction
In the Standard Model (SM), the flavour-changing-neutral-current (FCNC) transi-
tions are not allowed at the tree level because of Glashow-Iliopoulos-Maiani (GIM)
mechanism [1]. The FCNC transitions in the SM are CKM and loop suppressed, and
therefore sensitive to New Physics (NP) [2, 3]. The rare b → s`+`− transitions in-
duced by loop process are well known FCNC transitions. Although the Large Hadron
Collider (LHC) has not observed any new particles beyond the SM directly so far,
a series of tensions between the experimental data and the predictions of SM have
– 1 –
been found, such as, the ratios RK(∗) ≡ B(B → K(∗)µ+µ−)/B(B → K(∗)e+e−) of
B → K(∗)`+`− [4–6], the differential decay branching fraction of Bs → φµ+µ− [7–
11], as well as the angular observables in B → K∗(→ Kpi)µ+µ− [12, 13] process.
In particular, the LHCb measurements of the ratios RexpK = 0.745
+0.090
−0.074 ± 0.036 for
1.0 GeV2 ≤ q2 ≤ 6.0 GeV2 [4] and RexpK∗ = 0.69+0.11−0.07 ± 0.05 for 1.1 GeV2 ≤ q2 ≤
6.0 GeV2 [5], deviate from the SM predictions RSM
K(∗) ' 1 [6, 14] 2.6σ and 2.5σ respec-
tively. These discrepancies in the ratios RK(∗) indicate a violation of lepton flavour
universality (LFU), if confirmed, which would be a clear signal of NP [15, 16].
The baryonic decay Λb → Λ(→ Npi)`+`− [17], which are mediated by the quark-
level b → s`+`− transitions, has the potential to shed new light on the above-
mentioned anomalies. Both B → K∗(→ Kpi)`+`− [18, 19] and Λb → Λ(→ Npi)`+`−
decays can provide a number of angular observables, while the theoretical description
of Λb → Λ(→ Npi)`+`− is cleaner than that of B → K∗(→ Kpi)`+`−, because the
Λ is stable under the strong interactions. In addition, the subsequent weak decay
Λ → Npi in Λb → Λ`+`− is parity violating, while the strong decay K∗ → Kpi in
B → K∗`+`− is not. Theoretical challenges in the process of Λb → Λ`+`− are the
evaluation of the hadronic Λb → Λ transition form factors. The form factors have
been calculated by many methods, such as quark models [20, 21], perturbative QCD
(pQCD) [22], soft-collinear effective theory (SCET) [23, 24], light cone sum rules
(LCSR) [25, 26] and lattice QCD [27, 28]. For the form factors involved, we use
the latest results from the calculation of lattice QCD [28], which are extrapolated
to the whole q2 region using the Bourrely-Caprini-Lellouch (BCL) parametrization
with 2 + 1 flavor dynamics. We refer to Ref. [28] for recent reviews.
In the present theoretical study, the differential decay rate and the lepton-side
forward-backward asymmetry in Λb → Λ`+`− have been studied for an incomplete
list [29–35]. The Λb → Λ(→ Npi)`+`− decay has been investigated theoretically
in Refs. [17, 36–42] for the angular observables. These current theoretical calcula-
tions do not consider tensor operators and lepton mass simultaneously. Experimen-
tally, the Λb → Λµ+µ− decay was measured firstly by CDF collaboration with 24
signal events and statistical significance of 5.8 Gaussian standard deviations [43],
corresponding to 6.8 fb−1 data. Soon afterward, the LHCb collaboration [44, 45]
has measured the differential branching , the lepton-side and hadron-side forward-
backward asymmetries. The crucial progresses in theory and experiment in recent
years bring about bright prospects for the research of Λb → Λ(→ Npi)`+`− decay.
Given all of these motivations, we have recalculated the Λb → Λ(→ Npi)`+`−
decay, including the tensor operators for the first time, with unpolarized Λb baryons
and massive leptons in this work. Since the Λb polarization has been measured to be
small by LHCb collaboration [46], and the polarization effect will be averaged out
in ATLAS and CMS detectors, we adopt unpolarized Λb baryons in our calculations
[39]. Additionally, it is well known that branching fractions are susceptible to the
uncertainties arising owing to the form factors and CKM matrix. Compared to the
– 2 –
branching fractions, the ratios R has the advantages as follows: the experimental
systematic uncertainties are significantly reduced, the CKM matrix elements VtbVts
cancel out and the sensitivity to Λb → Λ transition form factors becomes much weaker
[47]. For more accurate numerical results of LFU ratios R, massive leptons are taken
into account in our calculations. All calculations are in Dirac representation in this
work.
The article is organised as follows. In next section, we will give a brief overview
of the effective Hamiltonian for b → s`+`− transitions. From this, we compute the
hadronic helicity amplitudes in Sec. 3. Then, we present the angular distribution of
the four body Λb → Λ(→ Npi)`+`− decay in Sec. 4. The phenomenological discus-
sion is given in Sec. 5, before drawing brief conclusions in Sec. 6. Computational
conventions and leptonic helicity amplitudes are collected in appendices.
2 Effective Hamiltonian for b→ s`+`− transitions
The b → s`+`− transitions can be described by effective Hamiltonian which con-
sists of two distinct parts, the short distance contributions contained in the Wil-
son coefficients Ci(µ) and the long distance physics described by the operator ma-
trix elements Oi . The NP model-independent effective Hamiltonian responsible for
b→ s`+`− transitions can be written as [17, 18, 48–50]:
Heff = 4GF√
2
VtbV
∗
ts
αe
4pi
∑
i
Ci(µ)Oi , (2.1)
with the operators of dimension six
OS(′) = [s¯PR(L)b][ ¯`` ] , OP(′) = [s¯PR(L)b][¯`γ5`] ,
O9(′) = [s¯γµPL(R)b][¯`γµ`] , O10(′) = [s¯γµPL(R)b][¯`γµγ5`] ,
OT = [s¯σµνb][¯`σµν`] , OT5 = −
i
2
µναβ [s¯σ
µνb][¯`σαβ`] ,
O7(′) =
mb
e
[s¯σµνPR(L)b]Fµν , (2.2)
where PL,R = (1∓γ5)/2, σµν = i/2(γµγν−γνγµ)1 and mb denotes the running b quark
mass in the MS scheme. In the SM, the b→ s`+`− process contains the contribution
of the electromagnetic operator O7 and the semi-leptonic operators O9,10. The new
physical effects are achieved by changing the corresponding Wilson coefficients.
All nonlocal hadronic matrix elements are absorbed via the “ effective Wilson
coefficients ” Ceff7 (q2) and Ceff9 (q2). Following Refs. [28, 51], we set the effective Wilson
coefficients to
Ceff7 (q
2) =C7 − 1
3
(
C3 +
4
3
C4 + 20C5 +
80
3
C6
)
1The convention σµνγ5 = −(i/2)µναβσαβ is used in this work, where 0123 = −1.
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− αs
4pi
[
(C1 − 6C2)F (7)1,c (q2) + C8 F (7)8 (q2)
]
,
Ceff9 (q
2) =C9 +
4
3
C3 +
64
9
C5 +
64
27
C6 + h(0, q
2)
(− 1
2
C3 − 2
3
C4 − 8C5 − 32
3
C6
)
+ h(mb, q
2)
(− 7
2
C3 − 2
3
C4 − 38C5 − 32
3
C6
)
+ h(mc, q
2)
(4
3
C1 + C2 + 6C3 + 60C5
)
− αs
4pi
[
C1 F
(9)
1,c (q
2) + C2 F
(9)
2,c (q
2) + C8 F
(9)
8 (q
2)
]
,
where the function h(mq, q
2) is [52]:
h(mq, q
2) =
8
27
− 8
9
ln
mq
mb
+
4
9
x− 2
9
(2 + x)|1− x|1/2

ln
∣∣∣√1−x+1√
1−x−1
∣∣∣− ipi , x ≡ 4m2cq2 < 1 ,
2 arctan 1√
x−1 , x ≡ 4m
2
c
q2
> 1 ,
h(0, q2) =
8
27
− 4
9
ln
q2
m2b
+
4
9
ipi .
The functions F
(7,9)
8 (q
2) are taken form Ref. [52], the functions F
(7,9)
1,c (q
2) and F
(7,9)
2,c (q
2)
are defined in Ref. [53] for low q2 and Ref. [54] for high q2. We evaluate the effec-
tive Wilson coefficients using the Mathematica packages provided by Ref. [54]. The
Wilson coefficients of the SM are shown in Tab. 6 of Ref. [28], with NNLL accuracy
at the energy scale µb = 4.2 GeV. The charm and bottom masses appearing in the
functions h(mq, q
2), F
(7,9)
1,c (q
2) and F
(7,9)
8 (q
2) are defined in the pole scheme [53, 54].
In order to calculate the interference between operators conveniently, it is nec-
essary to recombine and classify operators,∑
Ci(µ)Oi =(C7 + CNP7 )O7 + C7′O7′ + (C9 + CNP9 )O9 + C9′O9′ + (C10 + CNP10 )O10
+ C10′O10′ + CSOS + CS′OS′ + CPOP + CP′OP′ + CTOT + CT5OT5
=
1
2
[
(CS + CS′)s¯b ¯`` +
−2mb
q2
(C7 + CNP7 + C7′)s¯iσµνqνb¯`γµ`
+ (CS − CS′)s¯γ5b ¯`` +
−2mb
q2
(C7 + CNP7 − C7′)s¯iσµνqνγ5b¯`γµ`
+ (CP + CP′)s¯b¯`γ5`+ (C9 + CNP9 + C9′)s¯γµb¯`γµ`
+ (CP − CP′)s¯γ5b¯`γ5`+ (−C9 − CNP9 + C9′)s¯γµγ5b¯`γµ`
+ 2CT5s¯iσµνb¯`(−i)σµνγ5`+ (−C10 − CNP10 + C10′)s¯γµγ5b¯`γµγ5`
+ 2CTs¯iσµνb¯`(−i)σµν`+ (C10 + CNP10 + C10′)s¯γµb¯`γµγ5`
]
. (2.3)
Notice that the electromagnetic operators O7(′) contribute to the b → s`+`− transi-
tions through photon exchange〈
Λ(k)`+(q1)`
−(q2)
∣∣O7(′) |Λb(p)〉 = −2mbq2 〈Λ| s¯ iσµνqν PR(L)b |Λb〉 [u¯`γµv`] , (2.4)
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where qµ = pµ − kµ, which is the momentum transfer to the lepton pair.
For simplicity of the hadronic helicity amplitudes, we redefine Wilson coefficients
as follows
C±S =CS ± CS′ , C±P =CP ± CP′ ,
C±7 =
−2mb
q2
(C7 + CNP7 ± C7′) , C±9 =± C9 ± CNP9 + C9′ ,
C±10 =± C10 ± CNP10 + C10′ . (2.5)
3 Hadronic Matrix Elements
3.1 Λb → Λ hadronic helicity amplitudes
The Λb → Λ hadronic matrix elements can be expressed as a series of form fac-
tors [28]. In order to calculate the helicity amplitudes, we have used explicit expres-
sions for the Dirac spinors which are defined in App. A of Ref. [47]. The definitions
of hadronic helicity amplitudes are collected in the App. B, which are consistent with
Ref. [47]. Using the above mentioned relationships, the non-zero helicity amplitudes
for Λb → Λ decay can be written as:
HP±1/2,±1/2 =∓
mΛb +mΛ
mb +ms
G0
√
Q− , HS±1/2,±1/2 =
mΛb −mΛ
mb −ms F0
√
Q+ ,
HV±1/2,±1/2,0 =
√
Q−√
q2
(mΛb +mΛ)F+ , H
V
±1/2,±1/2,t =
√
Q+√
q2
(mΛb −mΛ)F0 ,
HA±1/2,±1/2,t =±
√
Q−√
q2
(mΛb +mΛ)G0 , H
V
∓1/2,±1/2,± =
√
2Q−F⊥ ,
HA±1/2,±1/2,0 =±
√
Q+√
q2
(mΛb −mΛ)G+ , HA∓1/2,±1/2,± =±
√
2Q+G⊥ ,
HTq∓1/2,±1/2,± =−
√
2
√
Q−(mΛb +mΛ)h⊥ , H
Tq
±1/2,±1/2,0 =−
√
q2Q−h+ ,
HTq5∓1/2,±1/2,± =±
√
2
√
Q+(mΛb −mΛ)h˜⊥ , HTq5±1/2,±1/2,0 =±
√
q2Q+h˜+ ,
H
T,±1/2
∓1/2,0,∓ =
√
2Q+√
q2
h˜⊥(mΛb −mΛ) , HT,±1/2±1/2,t,0 =h+
√
Q− ,
H
T,±1/2
∓1/2,t,∓ =
√
2Q−√
q2
h⊥(mΛb +mΛ) , H
T,±1/2
±1/2,+,− =∓ h˜+
√
Q+ .
(3.1)
The decay amplitude is analysed by performing a decomposition according to helicity
amplitudes, which explicated in Ref. [55]. The conceptual foundation of helicity
amplitudes is the orthonormality and completeness relation [56]∑
µ
∗µ(m)
µ(n) = gmn ,
∑
m,n
µ(m)
∗
ν(n)gmn = gµν , m, n ∈ {t,±, 0} , (3.2)
– 5 –
where gmn = diag(+1,−1,−1,−1). As polarization vectors satisfying orthogonal
normalization relation are not unique, the form of hadronic and leptonic helicity
amplitudes may be various under different calculation conventions.
3.2 Λ→ Npi decay amplitudes
Λ→ Npi decay is governed by the ∆S = 1 effective Hamiltonian [17]
Heff∆S=1 = N2
[
d¯γµPLu
]
[u¯γµPLs] , (3.3)
where N2 = 2
√
2GF V
∗
udVus. The hadronic matrix elements of Λ → Npi decay are
parametrized in terms of two hadronic parameters ξ and ω as [57]〈
p(k1, sN)pi
−(k2)
∣∣ [d¯γµPLu] [u¯γµPLs] |Λ(k, sΛ)〉
=
[
u¯(k1, sN)
(−ξ γ5 + ω)u(k, sΛ)] ≡ H2(sΛ, sN) , (3.4)
where ξ and ω can be extracted from the Λ → ppi− decay width and polarization
measurements, corresponding to A and B of Ref. [57] respectively.
According to the discussion in the App. A of Ref. [47], we take u(k1, sN), u(k, sΛ)
as
u(k1, sN) =
( √
r+√
mΛ
χ(~k1, sN)
2sN
√
r−√
mΛ
χ(~k1, sN)
)
, u(k, sΛ) =
√
2mΛ
(
χ(~k, sΛ)
0
)
, (3.5)
where
χ(~k1,+
1
2
) =
(
cos θΛ
2
eiφ sin θΛ
2
)
, χ(~k1,−1
2
) =
(
−e−iφ sin θΛ
2
cos θΛ
2
)
,
χ(~k,+
1
2
) =
(
1
0
)
, χ(~k,−1
2
) =
(
0
1
)
. (3.6)
Using the above spinor conventions, the following helicity amplitudes can be
easily obtained,
H2(+1/2,+1/2) = (
√
r+ ω +
√
r− ξ) cos
θΛ
2
,
H2(+1/2,−1/2) = (−√r+ ω +√r− ξ) sin θΛ
2
eiφ ,
H2(−1/2,+1/2) = (√r+ ω +√r− ξ) sin θΛ
2
e−iφ ,
H2(−1/2,−1/2) = (√r+ ω −√r− ξ) cos θΛ
2
, (3.7)
with
r± ≡ (mΛ ±mN)2 −m2pi . (3.8)
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The Λ→ Npi decay width can be defined as
Γ2(s
(a)
Λ , s
(b)
Λ ) = |N2|2
√
r+r−
16pim3Λ
∑
sN
H2(s
(a)
Λ , sN)H
∗
2 (s
(b)
Λ , sN) , (3.9)
by which it can be obtained that
Γ2(+1/2,+1/2) =(1 + α cos θΛ) ΓΛ , Γ2(+1/2,−1/2) =α sin θΛ eiφ ΓΛ ,
Γ2(−1/2,−1/2) =(1− α cos θΛ)ΓΛ , Γ2(−1/2,+1/2) =α sin θΛe−iφ ΓΛ . (3.10)
The total decay width of Λ→ Npi is given by
ΓΛ =
1
2
[Γ2(+1/2,+1/2) + Γ2(−1/2,−1/2)]
=
|N2|2√r+r−
16pim3Λ
(
r− |ξ|2 + r+ |ω|2
)
, (3.11)
and the parity-violating decay parameter α reads [57]
α =
2 Re[ω∗ ξ]√
r−
r+
|ξ|2 +
√
r+
r−
|ω|2
. (3.12)
4 Angular Observables
4.1 Four body angular distribution
According to the conventions of Ref. [17], we can define the four body angular dis-
tribution as a four body differential decay width
K(q2, cos θ`, cos θΛ, φ) ≡ 8pi
3
d4Γ
dq2 d cos θ` d cos θΛ dφ
, (4.1)
where K(q2, cos θ`, cos θΛ, φ) can be decomposed in terms of a set of trigonometric
functions and angular coefficients
K(q2, cos θ`, cos θΛ, φ) =
(
K1ss sin
2 θ` + K1cc cos
2 θ` +K1c cos θ`
)
+
(
K2ss sin
2 θ` + K2cc cos
2 θ` +K2c cos θ`
)
cos θΛ
+
(
K3sc sin θ` cos θ` +K3s sin θ`
)
sin θΛ sinφ
+
(
K4sc sin θ` cos θ` +K4s sin θ`
)
sin θΛ cosφ . (4.2)
For the convenience, we have the following conventions,
N ≡GFVtbV ∗tsαe
√√√√q2√λ(m2Λb ,m2Λ, q2)
3× 211m3Λbpi5
(1− 4m
2
`
q2
) ,
– 7 –
K{··· } ≡2 |N |2K{··· } ,
K{··· } =KSP{··· } +K
VA
{··· } +K
Tq
{··· } +K
T
{··· } +K
SP−VA
{··· } +K
SP−T
{··· }
+KSP−T{··· } +K
VA−Tq
{··· } +K
VA−T
{··· } +K
Tq−T
{··· } . (4.3)
Utilizing the formulas in App. C, we can get the explicit expressions of K{··· } . The
nonzero angular coefficients of the scalar and pseudo-scalar operators read
KSP1cc =(
∣∣C−P ∣∣2 + β2` ∣∣C−S ∣∣2)(HP1/2,1/2)2 + (∣∣C+P ∣∣2 + β2` ∣∣C+S ∣∣2)(HS1/2,1/2)2 ,
KSP1ss =K
SP
1cc ,
KSP2cc =2α
[
Re[C+P C−∗P ] + β2`Re[C+S C−∗S ]
]
HP1/2,1/2H
S
1/2,1/2 ,
KSP2ss =K
SP
2cc . (4.4)
The nonzero angular coefficients of the vector and axial-vector operators are
KVA1c =− 2β`Re[C+9 C−∗10 + C−9 C+∗10 ]HA−1/2,1/2,+HV−1/2,1/2,+ ,
KVA1cc =(
∣∣C−9 ∣∣2 + β2` ∣∣C−10∣∣2 ](HA−1/2,1/2,+)2 + [ ∣∣C+9 ∣∣2 + β2` ∣∣C+10∣∣2 ](HV−1/2,1/2,+)2
+
4m2`
q2
[ ∣∣C−9 ∣∣2 (HA1/2,1/2,0)2 + ∣∣C−10∣∣2 (HA1/2,1/2,t)2
+
∣∣C+9 ∣∣2 (HV1/2,1/2,0)2 + ∣∣C+10∣∣2 (HV1/2,1/2,t)2) ,
KVA1ss =(β
2
`
∣∣C−10∣∣2 + ∣∣C−9 ∣∣2)(HA1/2,1/2,0)2 + 12(β2` ∣∣C−10∣∣2 + β2`+ ∣∣C−9 ∣∣2)(HA−1/2,1/2,+)2
+ (β2`
∣∣C+10∣∣2 + ∣∣C+9 ∣∣2)(HV1/2,1/2,0)2 + 12(β2` ∣∣C+10∣∣2 + β2`+ ∣∣C+9 ∣∣2)(HV−1/2,1/2,+)2
+
4m2`
q2
[ ∣∣C−10∣∣2 (HA1/2,1/2,t)2 + ∣∣C+10∣∣2 (HV1/2,1/2,t)2] ,
KVA2c =− 2αβ`
[
Re[C−9 C−∗10 ](HA−1/2,1/2,+)2 + Re[C+9 C+∗10 ](HV−1/2,1/2,+)2
]
,
KVA2cc =
8αm2`
q2
[
Re[C+10C−∗10 ]HA1/2,1/2,tHV1/2,1/2,t + Re[C+9 C−∗9 ]HA1/2,1/2,0HV1/2,1/2,0
]
+ 2α
[
β2`Re[C+10C−∗10 ] + Re[C+9 C−∗9 ]
]
HA−1/2,1/2,+H
V
−1/2,1/2,+ ,
KVA2ss =α
[
β2`+Re[C+9 C−∗9 ] + β2`Re[C+10C−∗10 ]
]
HA−1/2,1/2,+H
V
−1/2,1/2,+
+ 2α(Re[C+9 C−∗9 ] + β2`Re[C+10C−∗10 ])HA1/2,1/2,0HV1/2,1/2,0
+
8αm2`
q2
Re[C+10C−∗10 ]HA1/2,1/2,tHV1/2,1/2,t ,
KVA3s =
√
2αβ` Im[C+9 C−∗10 + C+10C−∗9 ]
[
HA1/2,1/2,0H
V
−1/2,1/2,+ +H
V
1/2,1/2,0H
A
−1/2,1/2,+
]
,
KVA4sc =
√
2αβ2` Re[C+9 C−∗9 + C+10C−∗10 ]
[
HA1/2,1/2,0H
V
−1/2,1/2,+ −HV1/2,1/2,0HA−1/2,1/2,+
]
,
KVA4s =2
√
2αβ`
[
Re[C+9 C+∗10 ]HV1/2,1/2,0HV−1/2,1/2,+
− Re[C−9 C−∗10 ]HA1/2,1/2,0HA−1/2,1/2,+
]
. (4.5)
– 8 –
The nonzero angular coefficients of the electromagnetic operators O7(′) read as
KTq1cc =
∣∣C+7 ∣∣2 [(HTq−1/2,1/2,+)2 + 4m2`q2 (HTq1/2,1/2,0)2]
+
∣∣C−7 ∣∣2 [(HTq5−1/2,1/2,+)2 + 4m2`q2 (HTq51/2,1/2,0)2] ,
KTq1ss =
∣∣C+7 ∣∣2 [(HTq1/2,1/2,0)2 + β2`+2 (HTq−1/2,1/2,+)2]
+
∣∣C−7 ∣∣2 [(HTq51/2,1/2,0)2 + β2`+2 (HTq5−1/2,1/2,+)2] ,
KTq2cc =2αRe[C+7 C−∗7 ]
[
HTq−1/2,1/2,+H
Tq5
−1/2,1/2,+ +
4m2`
q2
HTq1/2,1/2,0H
Tq5
1/2,1/2,0
]
,
KTq2ss =αRe[C+7 C−∗7 ]
[
2HTq1/2,1/2,0H
Tq5
1/2,1/2,0 + β
2
`+H
Tq
−1/2,1/2,+H
Tq5
−1/2,1/2,+
]
,
KTq4sc =
√
2αβ2`Re[C+7 C−∗7 ]
[
HTq51/2,1/2,0H
Tq
−1/2,1/2,+ −HTq1/2,1/2,0HTq5−1/2,1/2,+
]
. (4.6)
The nonzero angular coefficients of the tensor operators OT, T5 are as follows
KT1cc =16(β
2
` |CT|2 + |CT5|2)(HT,1/21/2,+,−)2 + 16(|CT|2 + β2` |CT5|2)(HT,1/21/2,t,0)2
+
64m2`
q2
[ |CT5|2 (HT,1/2−1/2,0,−)2 + |CT|2 (HT,1/2−1/2,t,−)2] ,
KT1ss =8(β
2
` |CT5|2 + β2`+ |CT|2)(HT,1/2−1/2,t,−)2 + 8(β2`+ |CT5|2 + β2` |CT|2)(HT,1/2−1/2,0,−)2
+
64m2`
q2
[ |CT5|2 (HT,1/21/2,+,−)2 + |CT|2 (HT,1/21/2,t,0)2] ,
KT2cc =64αRe[CT5C∗T]
[
(1− 2m
2
`
q2
)H
T,1/2
1/2,+,−H
T,1/2
1/2,t,0 −
2m2`
q2
H
T,1/2
−1/2,0,−H
T,1/2
−1/2,t,−
]
,
KT2ss =32αRe[CT5C∗T]
[4m2`
q2
H
T,1/2
1/2,+,−H
T,1/2
1/2,t,0 −HT,1/2−1/2,0,−HT,1/2−1/2,t,−
]
,
KT4sc =− 32
√
2αβ2`Re[CT5C∗T]
[
H
T,1/2
−1/2,t,−H
T,1/2
1/2,+,− +H
T,1/2
−1/2,0,−H
T,1/2
1/2,t,0
]
. (4.7)
The nonzero angular coefficients of interference between the scale (pseudo-scalar)
and vector (axial-vector) operators can be enumerated as follows
KSP−VA1c =
4β`m`√
q2
[
Re[C−S C−∗9 ]HP1/2,1/2HA1/2,1/2,0 + Re[C+S C+∗9 ]HS1/2,1/2HV1/2,1/2,0
]
,
KSP−VA1cc =
4m`√
q2
[
Re[C−P C−∗10 ]HP1/2,1/2HA1/2,1/2,t + Re[C+P C+∗10 ]HS1/2,1/2HV1/2,1/2,t
]
,
KSP−VA1ss =K
SP−VA
1cc ,
KSP−VA2c =
4αβ`m`√
q2
[
Re[C+S C−∗9 ]HS1/2,1/2HA1/2,1/2,0 + Re[C−S C+∗9 ]HP1/2,1/2HV1/2,1/2,0
]
,
KSP−VA2cc =
4αm`√
q2
[
Re[C+P C−∗10 ]HS1/2,1/2HA1/2,1/2,t + Re[C−P C+∗10 ]HP1/2,1/2HV1/2,1/2,t
]
,
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KSP−VA2ss =K
SP−VA
2cc ,
KSP−VA3s =
2
√
2αβ`m`√
q2
[
Im[C+S C+∗9 ]HS1/2,1/2HV−1/2,1/2,+ − Im[C−S C−∗9 ]HP1/2,1/2HA−1/2,1/2,+
]
,
KSP−VA4s =
2
√
2αβ`m`√
q2
[
Re[C+S C−∗9 ]HS1/2,1/2HA−1/2,1/2,+
− Re[C−S C+∗9 ]HP1/2,1/2HV−1/2,1/2,+
]
. (4.8)
The nonzero angular coefficients of interference between the scale (pseudo-scalar)
and electromagnetic operators can be written as
KSP−Tq1c =
4β`m`√
q2
[
Re[C−S C−∗7 ]HP1/2,1/2HTq51/2,1/2,0 + Re[C+S C+∗7 ]HS1/2,1/2HTq1/2,1/2,0
]
,
KSP−Tq2c =
4αβ`m`√
q2
[
Re[C+S C−∗7 ]HS1/2,1/2HTq51/2,1/2,0 + Re[C−S C+∗7 ]HP1/2,1/2HTq1/2,1/2,0
]
,
KSP−Tq3s =
2
√
2αβ`m`√
q2
[
Im[C+S C+∗7 ]HS1/2,1/2HTq−1/2,1/2,+ − Im[C−S C−∗7 ]HP1/2,1/2HTq5−1/2,1/2,+
]
,
KSP−Tq4s =
2
√
2αβ`m`√
q2
[
Re[C+S C−∗7 ]HS1/2,1/2HTq5−1/2,1/2,+
− Re[C−S C+∗7 ]HP1/2,1/2HTq−1/2,1/2,+
]
. (4.9)
The nonzero angular coefficients of interference between the scale (pseudo-scalar)
and tensor operators can be listed as
KSP−T1c =8β`
[
Re[CTC−∗P + CT5C−∗S ]HP1/2,1/2HT,1/21/2,+,−
+ Re[CTC+∗S + CT5C+∗P ]HS1/2,1/2HT,1/21/2,t,0
]
,
KSP−T2c =8αβ`
[
Re[CTC−∗S + CT5C−∗P ]HP1/2,1/2HT,1/21/2,t,0
+ Re[CTC+∗P + CT5C+∗S ]HS1/2,1/2HT,1/21/2,+,−
]
,
KSP−T3s =− 4
√
2αβ`
[
Im[CTC−∗P + CT5C−∗S ]HP1/2,1/2HT,1/2−1/2,0,−
+ Im[CTC+∗S + CT5C+∗P ]HS1/2,1/2HT,1/2−1/2,t,−
]
,
KSP−T4s =− 4
√
2αβ`
[
Re[CTC−∗S + CT5C−∗P ]HP1/2,1/2HT,1/2−1/2,t,−
+ Re[CTC+∗P + CT5C+∗S ]HS1/2,1/2HT,1/2−1/2,0,−
]
. (4.10)
The nonzero angular coefficients of interference between the vector (axial-vector) and
electromagnetic O7(′) operators can be collected as follows
KVA−Tq1c =− 2β`
[
Re[C+7 C−∗10 ]HA−1/2,1/2,+HTq−1/2,1/2,+ + Re[C−7 C+∗10 ]HV−1/2,1/2,+HTq5−1/2,1/2,+
]
,
KVA−Tq1cc =2Re[C−7 C−∗9 ]HA−1/2,1/2,+HTq5−1/2,1/2,+ + 2Re[C+7 C+∗9 ]HV−1/2,1/2,+HTq−1/2,1/2,+
+
8m2`
q2
[
Re[C−7 C−∗9 ]HA1/2,1/2,0HTq51/2,1/2,0 + Re[C+7 C+∗9 ]HV1/2,1/2,0HTq1/2,1/2,0
]
,
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KVA−Tq1ss =2Re[C−7 C−∗9 ]HA1/2,1/2,0HTq51/2,1/2,0 + β2`+Re[C−7 C−∗9 ]HA−1/2,1/2,+HTq5−1/2,1/2,+
+ 2Re[C+7 C+∗9 ]HV1/2,1/2,0HTq1/2,1/2,0 + β2`+Re[C+7 C+∗9 ]HV−1/2,1/2,+HTq−1/2,1/2,+ ,
KVA−Tq2c =− 2αβ`
[
Re[C−7 C−∗10 ]HA−1/2,1/2,+HTq5−1/2,1/2,+ + Re[C+7 C+∗10 ]HV−1/2,1/2,+HTq−1/2,1/2,+
]
,
KVA−Tq2cc =2αRe[C−7 C+∗9 ]HV−1/2,1/2,+HTq5−1/2,1/2,+ + 2αRe[C+7 C−∗9 ]HA−1/2,1/2,+HTq−1/2,1/2,+
+
8αm2`
q2
[
Re[C−7 C+∗9 ]HV1/2,1/2,0HTq51/2,1/2,0 + Re[C+7 C−∗9 ]HA1/2,1/2,0HTq1/2,1/2,0
]
,
KVA−Tq2ss =2αRe[C−7 C+∗9 ]HV1/2,1/2,0HTq51/2,1/2,0 + αβ2`+Re[C−7 C+∗9 ]HV−1/2,1/2,+HTq5−1/2,1/2,+
+ 2αRe[C+7 C−∗9 ]HA1/2,1/2,0HTq1/2,1/2,0 + αβ2`+Re[C+7 C−∗9 ]HA−1/2,1/2,+HTq−1/2,1/2,+ ,
KVA−Tq3sc =
√
2αβ2`
[
Im[C−9 C−∗7 ](HA1/2,1/2,0HTq5−1/2,1/2,+ −HA−1/2,1/2,+HTq51/2,1/2,0)
+ Im[C+9 C+∗7 ](HV−1/2,1/2,+HTq1/2,1/2,0 −HV1/2,1/2,0HTq−1/2,1/2,+)
]
,
KVA−Tq3s =
√
2αβ`
[
Im[C+7 C−∗10 ](HA1/2,1/2,0HTq−1/2,1/2,+ +HA−1/2,1/2,+HTq1/2,1/2,0)
− Im[C−7 C+∗10 ](HV1/2,1/2,0HTq5−1/2,1/2,+ +HV−1/2,1/2,+HTq51/2,1/2,0)
]
,
KVA−Tq4sc =
√
2αβ2`
[
Re[C+9 C−∗7 ](HV−1/2,1/2,+HTq51/2,1/2,0 −HV1/2,1/2,0HTq5−1/2,1/2,+)
+ Re[C−9 C+∗7 ](HA1/2,1/2,0HTq−1/2,1/2,+ −HA−1/2,1/2,+HTq1/2,1/2,0)
]
,
KVA−Tq4s =
√
2αβ`
[
Re[C+7 C+∗10 ](HV−1/2,1/2,+HTq1/2,1/2,0 +HV1/2,1/2,0HTq−1/2,1/2,+)
− Re[C−7 C−∗10 ](HA1/2,1/2,0HTq5−1/2,1/2,+ +HA−1/2,1/2,+HTq51/2,1/2,0)
]
.
(4.11)
For the nonzero angular coefficients of interference between the vector (axial-vector)
and tensor operators, we can obtain
KVA−T1c =
16β`m`√
q2
[
Re[CTC−∗10 ](−HA−1/2,1/2,+HT,1/2−1/2,t,− +HA1/2,1/2,tHT,1/21/2,+,−)
+ Re[CT5C+∗10 ](HV−1/2,1/2,+HT,1/2−1/2,0,− +HV1/2,1/2,tHT,1/21/2,t,0)
]
,
KVA−T1cc =
16m`√
q2
[
Re[CT5C−∗9 ](−HA−1/2,1/2,+HT,1/2−1/2,0,− +HA1/2,1/2,0HT,1/21/2,+,−)
+ Re[CTC+∗9 ](HV−1/2,1/2,+HT,1/2−1/2,t,− +HV1/2,1/2,0HT,1/21/2,t,0)
]
,
KVA−T1ss =K
VA−T
1cc ,
KVA−T2c =
16αβ`m`√
q2
[
Re[CT5C−∗10 ](HA−1/2,1/2,+HT,1/2−1/2,0,− +HA1/2,1/2,tHT,1/21/2,t,0)
+ Re[CTC+∗10 ](−HV−1/2,1/2,+HT,1/2−1/2,t,− +HV1/2,1/2,tHT,1/21/2,+,−)
]
,
KVA−T2cc =
16αm`√
q2
[
Re[CTC−∗9 ](HA−1/2,1/2,+HT,1/2−1/2,t,− +HA1/2,1/2,0HT,1/21/2,t,0)
+ Re[CT5C+∗9 ](−HV−1/2,1/2,+HT,1/2−1/2,0,− +HV1/2,1/2,0HT,1/21/2,+,−)
]
,
KVA−T2ss =K
VA−T
2cc ,
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KVA−T3s =
8
√
2αβ`m`√
q2
[
Im[CTC−∗10 ](−HA1/2,1/2,tHT,1/2−1/2,0,− +HA1/2,1/2,0HT,1/2−1/2,t,−
+HA−1/2,1/2,+H
T,1/2
1/2,t,0) + Im[CT5C+∗10 ](HV1/2,1/2,0HT,1/2−1/2,0,−
−HV1/2,1/2,tHT,1/2−1/2,t,− −HV−1/2,1/2,+HT,1/21/2,+,−)
]
,
KVA−T4s =
8
√
2αβ`m`√
q2
[
Im[CT5C−∗10 ](HA1/2,1/2,0HT,1/2−1/2,0,− −HA1/2,1/2,tHT,1/2−1/2,t,−
−HA−1/2,1/2,+HT,1/21/2,+,−) + Im[CTC+∗10 ](−HV1/2,1/2,tHT,1/2−1/2,0,−
+HV1/2,1/2,0H
T,1/2
−1/2,t,− +H
V
−1/2,1/2,+H
T,1/2
1/2,t,0)
]
. (4.12)
For the nonzero angular coefficients of interference between the tensor and electro-
magnetic operators, we can get
KTq−T1cc =
16m`√
q2
[
Re[CT5C−∗7 ](−HTq5−1/2,1/2,+HT,1/2−1/2,0,− +HTq51/2,1/2,0HT,1/21/2,+,−)
+ Re[CTC+∗7 ](HTq−1/2,1/2,+HT,1/2−1/2,t,− +HTq1/2,1/2,0HT,1/21/2,t,0)
]
,
KTq−T1ss =K
Tq−T
1cc ,
KTq−T2cc =
16αm`√
q2
[
Re[CTC−∗7 ](HTq5−1/2,1/2,+HT,1/2−1/2,t,− +HTq51/2,1/2,0HT,1/21/2,t,0)
+ Re[CT5C+∗7 ](−HTq−1/2,1/2,+HT,1/2−1/2,0,− +HTq1/2,1/2,0HT,1/21/2,+,−)
]
,
KTq−T2ss =K
Tq−T
2cc . (4.13)
Compared with the current research progress, our calculations include the con-
tributions of all six dimensional operators in b → s`+`− transitions, and the contri-
butions of all possible interference between these operators are taken into account,
without neglecting lepton mass. Assuming all leptons are massless, the summation
of KVA{··· }+K
Tq
{··· }+K
VA−Tq
{··· } are completely consistent with Ref. [17], and the reliability
of our calculation is verified from the side. In the attachment of ArXiv version, a
Mathematica program is provided to prove the consistency with results of Ref. [17],
and all expressions in this paper are also available in Mathematica.
4.2 Observables
Usually, one can construct observables through weighted angular integrals of the
differential distributions Eq. (4.2) [17] ,
X(q2) ≡
∫
d4Γ
dq2 d cos θ` d cos θΛ dφ
ωX(q
2, cos θ`, cos θΛ, φ) d cos θ` d cos θΛ dφ . (4.14)
By integrating over θ` ∈ [0, pi], θΛ ∈ [0, pi], φ ∈ [0, 2pi], the observables we consider
are as follows.
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• The differential decay rate and differential branching fraction are
dΓ
dq2
= 2K1ss +K1cc ,
dB
dq2
= τΛb
dΓ
dq2
, ωX ≡ 1 . (4.15)
• The longitudinal polarization fraction and corresponding weighting factor are
defined as
FL =
2K1ss −K1cc
2K1ss +K1cc
, ωFL =
2− 5 cos2 θ`
dΓ/dq2
. (4.16)
• The lepton-side forward-backward asymmetry A`FB is defined as follows
A`FB =
3
2
K1c
2K1ss +K1cc
, ωA`FB =
sign[cos θ`]
dΓ/dq2
. (4.17)
• The hadron-side forward-backward asymmetry AΛFB is defined as follows
AΛFB =
1
2
2K2ss +K2cc
2K1ss +K1cc
, ωAΛFB =
sign[cos θΛ]
dΓ/dq2
. (4.18)
• The lepton-hadron-side forward-backward asymmetry A`ΛFB is defined as follows
A`ΛFB =
3
4
K2c
2K1ss +K1cc
, ωA`ΛFB =
sign[cos θ` cos θΛ]
dΓ/dq2
. (4.19)
• The lepton flavour universality ratio is written as
Rµ/e =
∫ q2max
q2min
dΓ(Λb → Λµ+µ−)
dq2
dq2∫ q2max
q2min
dΓ(Λb → Λe+e−)
dq2
dq2
. (4.20)
• In order to compare with the experimental data of Ref. [45], we also define the
normalized angular observables
〈dB/dq2〉[q2min,q2max] =
∫ q2max
q2min
(dB/dq2)dq2
q2max − q2min
, (4.21)
〈A〉[q2min,q2max] =
∫ q2max
q2min
Adq2∫ q2max
q2min
(dΓ/dq2)dq2
, (4.22)
where A can denote FL, A
`, Λ, `Λ
FB and K2ss, 2cc, 4s, 4sc, as shown in Tab. 2.
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Table 1. List of input parameters.
Inputs Values Inputs Values
αe(mb) 1/127.925(16) [57] |VtbV ∗ts| 0.0401± 0.0010 [57, 58]
mc(MS) 1.27± 0.03 GeV [57] mΛb 5.619 GeV [57]
µb 4.2 GeV [28] mΛ 1.115 GeV [57]
mb(MS) 4.18± 0.03 GeV [57] τΛb (1.470± 0.010)× 10−12s [57]
mb(pole) 4.78± 0.06 GeV [57] mB0 5.279 GeV [57]
αs(mb) 0.2233 [28] mK 0.494 GeV [57]
mc(pole) 1.67± 0.07 [57] αΛ 0.642± 0.013 [57]
αs(MZ) 0.1181± 0.0011 [57] mc(mc) 1.28± 0.03 GeV [57]
5 Numerical Analysis
For comparison with the experimental data, we study the numerical results of the
Λb → Λ(→ Npi)`+`− observables described above. Numerical analysis would require
a series of input parameters, such as quark mass, Wilson coefficients, form factors
and so on. In Tab. 1, we collect the input parameters involved in our numerical
analysis. They include electromagnetic and strong coupling constants, quark and
hadron masses and so on.
5.1 Λb → Λ form factors
In addition to the above-mentioned input parameters, the form factors are also im-
portant inputs in Λb → Λ`+`− decay. For the Λb → Λ transition form factors,
we adopt the latest Lattice QCD results [28] with 2+1 flavour dynamics. Explicit
expressions of all the relevant transition form factors are in Sec. 2 of Ref. [28].
The Λb → Λ hadronic matrix elements can be written in terms of ten q2 depen-
dent helicity form factors F0,+,⊥, G0,+,⊥, h+,⊥, h˜+,⊥ in Refs. [28, 59, 60]. Following
Ref. [59], the lattice calculations are fitted to two BCL z-parameterizations. In the
so called “ nominal-order ” fit, a form factor f reduces to the form
f(q2) =
1
1− q2/(mfpole)2
[
af0 + a
f
1 z
f (q2)
]
, (5.1)
while in the “ higher-order ” fit, a form factor f is given by
fHO(q
2) =
1
1− q2/(mfpole)2
[
af0,HO + a
f
1,HO z
f (q2) + af2,HO [z
f (q2)]2
]
, (5.2)
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where
zf (q2) =
√
tf+ − q2 −
√
tf+ − t0√
tf+ − q2 +
√
tf+ − t0
, t0 = (mΛb −mΛ)2 , tf+ = (mfpole)2 .
The values of the fit parameters and all the pole masses are taken from Ref. [28].
The method to estimate the central values, the statistical and systematic uncertain-
ties for any observable O are as follows [28].
• The central value and uncertainty computed using the nominal-order fit Eq. (5.1)
are denoted as
O , σO .
• The central value and uncertainty obtained using the higher-order fit Eq. (5.2)
are denoted as
OHO , σO ,HO .
• Then, the final results are written as
O ± σO,stat ± σO,syst ,
where O , σO ,stat and σO ,syst denote the central value, statistical and systematic
uncertainty,
σO,stat = σO , σO,syst = max{|OHO −O| , H(σO,HO − σO)
√
|σ2O,HO − σ2O|} ,
and H is the Heaviside step function.
In brief, the central value and statistical uncertainty of observables are obtained
from the nominal-order fit, and the systematic uncertainty is given by the larger
of nominal and higher order fit. For more accurate results, we consider all the
correlations among the fit parameters in our numerical analysis.
5.2 Results within the SM
Using the theoretical framework described in Sec. 4.2, the SM predictions for Λb →
Λµ+µ− decay are presented in Tab. (2, 3) and Fig. 2. To obtain the theoretical
uncertainties, we vary each input parameters within their respective 1σ range and
add each individual uncertainty in quadrature. For the uncertainties of transition
form factors, the correlations among the fit parameters have been taken into account
[47]. In particular, for the Λb → Λµ+µ− decay, we follow the treatment of Ref. [28] to
obtain the statistical and systematic uncertainties induced by the Λb → Λ transition
form factors.
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Table 2. SM predictions for the differential branching fraction ( in units of 10−7 GeV−2 )
and angular observables. The first column specifies the bin ranges [q2min, q
2
max] in units
of GeV2.
〈dB/dq2〉 〈FL〉 〈A`FB〉 〈AΛFB〉 〈A`ΛFB〉
[0.1, 2] 0.226(211) 0.542(80) 0.098(16) −0.310(18) −0.031(5)
[2, 4] 0.177(120) 0.854(27) 0.055(31) −0.307(24) −0.016(10)
[4, 6] 0.229(106) 0.807(43) −0.062(39) −0.311(17) 0.021(13)
[6, 8] 0.309(93) 0.724(48) −0.162(39) −0.316(11) 0.052(13)
[1.1, 6] 0.197(119) 0.818(32) 0.010(30) −0.309(21) −0.002(10)
[15, 16] 0.808(73) 0.454(20) −0.372(14) −0.307(8) 0.128(6)
[16, 18] 0.836(75) 0.418(15) −0.370(13) −0.289(8) 0.137(5)
[18, 20] 0.669(67) 0.371(8) −0.307(15) −0.227(10) 0.149(4)
[15, 20] 0.764(69) 0.409(13) −0.349(13) −0.271(9) 0.139(4)
〈K2ss〉 〈K2cc〉 〈K4s〉 〈K4sc〉
[0.1, 2] −0.237(20) −0.146(26) 0.009(23) −0.022(22)
[2, 4] −0.284(23) −0.045(9) −0.030(36) −0.012(31)
[4, 6] −0.281(15) −0.061(14) −0.037(44) −0.00047(3096)
[6, 8] −0.272(10) −0.088(15) −0.030(38) 0.007(27)
[1.1, 6] −0.280(20) −0.057(10) −0.030(35) −0.008(29)
[15, 16] −0.225(7) −0.164(7) 0.060(13) 0.021(8)
[16, 18] −0.208(7) −0.162(7) 0.089(10) 0.021(6)
[18, 20] −0.159(7) −0.134(7) 0.145(8) 0.017(4)
[15, 20] −0.194(7) −0.153(6) 0.103(10) 0.019(5)
Table 3. Comparison between the results of SM predictions, S1 + S3 Leptoquark (LQ)
[47, 61] and LHCb data for the process Λb → Λµ+µ−.
SM LQ LHCb [45]
〈dB/dq2〉[1, 6] × 107 0.197± 0.119 [0.053, 0.267] 0.09+0.01 +0.01−0.006−0.05 ± 0.02
〈dB/dq2〉[15, 20] × 107 0.764± 0.069 [0.472, 0.695] 1.20+0.09 +0.02−0.09−0.04 ± 0.25
〈FL〉[15, 20] 0.409± 0.013 [0.397, 0.424] 0.61+0.11−0.14 ± 0.03
〈A`FB〉[15, 20] −0.349± 0.013 [−0.360, −0.330] −0.05± 0.09± 0.003
〈AΛFB〉[15, 20] −0.271± 0.009 [−0.280, −0.262] −0.29± 0.07± 0.003
From Tab. 3, the SM prediction of lepton-side forward-backward asymmetry
exceeds the LHCb measurements by 3.3 σ, while the hadronic side forward-backward
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Figure 1. The q2distributions of the observables in Λb → Λ(→ ppi)τ+τ− decay. The
black, purple and brown curves indicate the results of three scenarios: SM, CT = 0.33 and
CT5 = 0.43 (central values: dotted line, theoretical uncertainties: solid line).
asymmetry is only 0.3 σ away from the measurements accordingly. The predictions of
branching fraction B and longitudinal polarization fraction FL deviate from the LHCb
measurements by 1.6 σ and 1.8 σ in the bin [15, 20] GeV2 respectively. The deviation
of branching fraction from the measured value is 0.9σ in the bin [1.1, 6] GeV2, but
this does not mean it is in good agreement with the experiment measurements. As
the theoretical uncertainty is significantly larger in low q2 region, compared with the
high q2 region. One of the possible reason of the small deviation is that the form
factors are not very accurately calculated in this region. These discrepancies may
provide a hint of NP.
5.3 Model independent analysis of Λb → Λ(→ Npi)τ+τ−
We have calculated contributions of the OT, OT5 without neglecting the lepton
mass for the first time in this work, so we perform model independent NP analysis in
this section. Following Ref. [62], which has restricted on tensor and scalar couplings
from B → Kµ¯µ and Bs → µ¯µ decay, we consider the following two scenarios,
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Figure 2. The q2 distributions of the observables in Λb → Λ(→ ppi)µ+µ− decay. The
black curves (gray band) indicate the SM (S1 + S3 LQ) central values with 1σ theoretical
uncertainty. The corresponding experimental data from LHCb [45], where available, are
represented by the error bars.
CT = 0.33 and CT5 = 0.43. The q2 distributions of the branching fraction B, the
LFU ratio Rτ/e, the longitudinal polarization fraction FL, as well as the three kinds
of forward-backward asymmetry A`,Λ, `ΛFB are shown in Fig. 1. The bands of figures
correspond to the uncertainties of form factors and inputs in Tab. 1. From the
figure, we find out that the differential branching fraction B and the LFU ratio Rτ/e
get increase for both scenarios, especially the enhancement effect of OT5 is more
significant. However, the longitudinal polarization fraction FL is slight abate relative
to the SM predictions. More interestingly, OT andOT5 have the opposite effect on the
three kinds of forward-backward asymmetry as shown in the Fig. 1. It can be deduced
that the future measurements of forward-backward asymmetry can provide ways of
distinguishing OT and OT5 operators. In the future, more precise measurements of
these distributions are important to confirm the existence of possible NP model in
the b → s`+`− transitions. Through the above analysis, the possible NP effects of
operators OT, OT5 can not be ignored for b→ s`+`− transitions.
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5.4 Results in the S1 + S3 LQ
In this section, we revisit the S1 + S3 LQ model proposed in Ref. [61], in which two
scalar LQ, one being SU(2)L singlet and the other SU(2)L triplet, are introduced
simultaneously. The LQ contributions to b→ s`+i `−j transitions are as follows [61]
CNP,ij9 = −CNP,ij10 =
−√2
2GFVtbV ∗ts
pi
αe
1
M2
λL3jλ
L∗
2i . (5.3)
In the model-independent approach, the current b → sµ+µ− anomalies can be ex-
plained by contributions of CNP,229 = −CNP,2210 , with the allowed range given by [63–66]
−0.91 (−0.71) ≤ CNP,229 = −CNP,2210 ≤ −0.18 (−0.35) , (5.4)
at the 2σ (1σ) level, which provides in turn a constraint on λL∗22λ
L
32. Following
Ref. [47], the allowed ranges of NP parameters λL∗22λ
L
32 at 1σ level are obtained
0.549× 10−3 < λL∗22λL32 < 1.115× 10−3 . (5.5)
In the following discussion, we use the range of λL∗22λ
L
32 to obtain the q
2 distri-
butions of the observables as shown in Fig. 2. For the Λb → Λ(→ Npi)µ+µ− decay,
the q2 distributions of the branching fraction B is largely decreased by the LQ ef-
fects, especially at high q2 region. More importantly, the differential ratio Rµ/e(q
2)
at whole q2 region shows significant differences in the SM and LQ scenario. The large
difference between the SM and LQ predictions provide a testable signature of the
LQ effects. Measurements of the differential ratios Rµ/e(q
2) are crucial to confirm
the LFU violation anomaly and to test the S1 + S3 LQ model. The LQ scenario
effect has less influence on the fraction of longitudinal polarization and three kinds
of forward-backward asymmetry, because the numerator of observables are canceled
out greatly by the denominator in LQ scenario. With future accurate measurements
of Λb → Λ(→ Npi)µ+µ−, we expect that this prediction could provide helpful infor-
mation about the LQ effects.
6 Conclusions
In this work, we have investigated the full angular distribution of the Λb → Λ(→
Npi)`+`− decay, where the leptons are massive and the Λb is unpolarized. We com-
pute the angular distributions within the effective Hamiltonian approach, which in-
cludes the scalar, pseudo-scalar, vector, axial-vector and tensor operators under the
narrow width approximation. In particular, our calculations include the contribution
of tensor operators for the first time without neglecting the lepton mass. The four
body angular distributions are expressed in terms of 10 angular coefficients which
consist of helicity amplitudes. We have checked that our result are completely con-
sistent with Ref. [17], in the case of massless lepton. This proves the reliability of our
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analytical calculation. For our numerical analysis, we compare the SM predictions
with the current LHCb results, and significant deviation have been found between
them. We study the NP effects of the LQ model and obtain the q2 distributions of
observables accordingly. Due to the large uncertainties of the form factors and the
current experimental measurement, the S1 +S3 LQ model can not be tested very well
at present. In addition, we demonstrate the sensitivity of various angular observ-
ables to tensor operators contributions. Utilizing the operator sensitivity analysis,
we find out that the potential NP effects of operators OT, OT5 can not be ignored
in b→ s`+`− transitions.
The more precise experimental measurements of various angular observables in
b → s`+`− transitions can help to confirm possible NP explanations of the RK(∗)
anomalies and to distinguish among the various NP candidates. Along with the
experimental progresses of the SuperKEKB [67] and HL-LHC [68], our predictions
of the observables can be further explored in future.
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A Kinematic conventions
The four-body kinematics relationships are taken as follows,
Λb(p, sΛb)→Λ(k, sΛ)`+(q1, s`+)`−(q2, s`−) ,
Λ(k, sΛ)→N(k1, sN)pi(k2) , (Npi = ppi−, npi0) ,
k =k1 + k2 , q = q1 + q2 ,
pµ = (mΛb , 0, 0, 0) , k
µ = (EΛ, 0, 0, |~pΛ|) , qµ = (q0, 0, 0,−|~q |) ,
where qµ is the four-momentum of the virtual vector boson in the Λb rest frame, and
q0 =
1
2mΛb
(m2Λb −m2Λ + q2) , EΛ =
1
2mΛb
(m2Λb +m
2
Λ − q2) ,
|~q | =|~pΛ| = 1
2mΛb
√
Q+Q− , Q± =(mΛb ±mΛ)2 − q2 . (A.1)
The Dirac spinors in Dirac representation can be written as
uΛb(~p, λΛb) =
√
2mΛb
(
χ(~p, λΛb)
0
)
, uΛ(~k, λΛ) =
( √
EΛ +mΛχ(~k, λΛ)
2λΛ
√
EΛ −mΛχ(~k, λΛ)
)
, (A.2)
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where χ(~p, 1/2) = χ(~k, 1/2) = (1, 0)T , χ(~p,−1/2) = χ(~k,−1/2) = (0, 1)T .
The polarization vectors for the virtual vector boson in the Λb rest frame can be
written as
µ(t) =
1√
q2
(q0, 0, 0,−|~q |) ,
µ(0) =
1√
q2
(|~q |, 0, 0,−q0) ,
µ(±) = 1√
2
(0,∓1, i, 0) , (A.3)
which satisfy the orthonormality and completeness relation Eq. (3.2).
In the calculation of the leptonic helicity amplitudes, we work in the rest frame
of the virtual vector boson, which is equivalent to the rest frame of the `+-`− system.
We have
qµ =(
√
q2, 0, 0, 0) ,
pµ`− =(E`, |~p`| sin θ`, 0, |~p`| cos θ`) ,
pµ`+ =(E`,−|~p`| sin θ`, 0,−|~p`| cos θ`) , (A.4)
where |~p`| =
√
q2β`/2 , E` =
√
q2/2 , β` ≡
√
1− 4m2`/q2, and θ` denotes the angle
between the three-momenta of `− and Λ. Moreover, we define β`+ ≡
√
1 + 4m2`/q
2
for convenience.
The Dirac spinors for `− and `+ in Dirac representation read
u`−(~p`, λ`−) =
( √
E` +m`χ(~p`, λ`−)
2λ`−
√
E` −m`χ(~p`, λ`−)
)
,
v`+(−~p`, λ`+) =
( √
E` −m`ξ(−~p`, λ`+)
−2λ`+
√
E` +m`ξ(−~p`, λ`+)
)
, (A.5)
respectively, which is consistent with the Jacob-Wick conventions in Ref. [55]. χ(~p`, λ`−)
and ξ(−~p`, λ`+) read [47],
ξ(−~p`, 1
2
) = χ(~p`,
1
2
) =
(
cos θ`
2
sin θ`
2
)
, −ξ(−~p`,−1
2
) = χ(~p`,−1
2
) =
(
− sin θ`
2
cos θ`
2
)
. (A.6)
The polarization vectors of the virtual vector boson in the bilepton rest frame
are written as
¯µ(t) = (1, 0, 0, 0) , ¯µ(0) = (0, 0, 0,−1) , ¯µ(±) = 1√
2
(0,∓1, i, 0) , (A.7)
which can also be obtained from Eq. (A.3) by a Lorentz transformation and satisfy
the orthonormality and completeness relation in Eq. (3.2).
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The phase space can be generated recursively [57]:
dΦn(p; p1, p2, · · · , pn) =
∫
dΦj(q; p1, · · · , pj)dΦn−j+1(p; q, pj+1, · · · , pn)dq
2
2pi
. (A.8)
The four-body phase space can be decomposed into three two-body as follows,
dΦ4(p; k1, k2, q1, q2) =(2pi)
4δ4(p− k1 − k2 − q1 − q2)
2∏
i=1
d3~ki
(2pi)32Eki
2∏
i=1
d3~qi
(2pi)32Eqi
=
∫
dq2
2pi
dk2
2pi
dΦ2(k; k1, k2)dΦ2(q; q1, q2)dΦ2(p; k, q) , (A.9)
where the corresponding two-body phase space can be written as∫
dΦ2(k; k1, k2) =
1
25pi2
√
λ(k2, k21, k
2
2)
k2
∫ 1
−1
d cos θΛ
∫ 2pi
0
dφ ,∫
dΦ2(q; q1, q2) =
1
25pi2
√
λ(q2, q21, q
2
2)
q2
∫ 1
−1
d cos θ` × (2pi) ,∫
dΦ2(p; k, q) =
1
25pi2
√
λ(p2, k2, q2)
p2
× 2× (2pi) . (A.10)
In summary, we can get the four body phase space formula as follows,∫
dΦ4(p; k1, k2, q1, q2) =
1
214pi6
∫
1
p2q2
dq2d cos θ`d cos θΛdφ
√
λ(p2, k2, q2)
×
√
λ(q2, q21, q
2
2)
1
k2
√
λ(k2, k21, k
2
2) dk
2
≡
∫
dΦ¯4(p; k1, k2, q1, q2)dk
2 . (A.11)
B Helicity amplitudes
B.1 Hadronic helicity amplitudes
The hadronic helicity amplitudes N1 → N2 are defined as
HSλN1 ,λN2
= 〈N2(λN2)| s¯ b |N1(λN1)〉 ,
HPλN1 ,λN2
= 〈N2(λN2)| s¯ γ5 b |N1(λN1)〉 ,
HVλN1 ,λN2 ,λW
= µ∗(λW ) 〈N2(λN2)| s¯ γµ b |N1(λN1)〉 ,
HAλN1 ,λN2 ,λW
= µ∗(λW ) 〈N2(λN2)| s¯ γµγ5 b |N1(λN1)〉 ,
H
Tq,λN1
λN2 ,λW1
=µ∗(λW1) 〈N2(λN2)| s¯ iσµνqν b |N1(λN1)〉 ,
H
Tq5,λN1
λN2 ,λW1
=µ∗(λW1) 〈N2(λN2)| s¯ iσµνqνγ5 b |N1(λN1)〉 ,
H
T0,λN1
λN2 ,λW1,λW2
=iµ∗(λW1)ν∗(λW2) 〈N2(λN2)| s¯ σµν b |N1(λN1)〉 ,
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H
T5,λN1
λN2 ,λW1,λW2
=iµ∗(λW1)ν∗(λW2) 〈N2(λN2)| s¯ σµνγ5 b |N1(λN1)〉 , (B.1)
where qµ = pµM − pµN , µ are the polarization vectors of virtual vector boson in the
N1 rest frame [47]. It is straightforward to obtain H
T0,λM
λN ,λW1 ,λW2
= −HT0,λMλN ,λW2,λW1 .
B.2 Leptonic helicity amplitudes
The leptonic helicity amplitudes are defined as [47]
LSλ`1 ,λ`2
= 〈`1`2| ¯`1`2 |0〉 = u¯`1(~p`1 , λ`1)v`2(−~p`1 , λ`2) ,
LPλ`1 ,λ`2
= 〈`1`2| ¯`1γ5`2 |0〉 = u¯`1(~p`1 , λ`1)γ5v`2(−~p`1 , λ`2) ,
LVλ`1 ,λ`2 ,λW
=¯µ(λW ) 〈`1`2| ¯`1γµ`2 |0〉 = ¯µ(λW )u¯`1(~p`1 , λ`1)γµv`2(−~p`1 , λ`2) ,
LAλ`1 ,λ`2 ,λW
=¯µ(λW ) 〈`1`2| ¯`1γµγ5`2 |0〉 = ¯µ(λW )u¯`1(~p`1 , λ`1)γµγ5v`2(−~p`1 , λ`2) ,
LT0λ`1 ,λ`2 ,λW1 ,λW2
=− i¯µ(λW1)¯ν(λW2) 〈`1`2| ¯`1σµν`2 |0〉
=− i¯µ(λW1)¯ν(λW2)u¯`1(~p`1 , λ`1)σµνv`2(−~p`1 , λ`2) ,
LT5λ`1 ,λ`2 ,λW1 ,λW2
=− i¯µ(λW1)¯ν(λW2) 〈`1`2| ¯`1σµνγ5`2 |0〉
=− i¯µ(λW1)¯ν(λW2)u¯`1(~p`1 , λ`1)σµνγ5v`2(−~p`1 , λ`2) , (B.2)
where ¯µ are the polarization vectors in the virtual vector boson rest frame [47].
According to the definition of lepton helicity amplitude, the non-zero results of
vector and scalar read
LS±1/2,±1/2 =±
√
q2β` , L
P
±1/2,±1/2 =−
√
q2 ,
LV1/2,1/2,± =L
V
−1/2,−1/2,∓ = ∓
√
2m` sin θ` , L
V
±1/2,±1/2,0 =∓ 2m` cos θ` ,
LV±1/2,∓1/2,± =±
√
q2√
2
(1− cos θ`) , LV±1/2,∓1/2,0 =
√
q2 sin θ` ,
LV±1/2,∓1/2,∓ =±
√
q2√
2
(1 + cos θ`) , L
A
±1/2,±1/2,t =− 2m` ,
LA±1/2,∓1/2,± =
√
q2√
2
(1− cos θ`)β` , LA±1/2,∓1/2,0 =±
√
q2 sin θ`β` ,
LA±1/2,∓1/2,∓ =
√
q2√
2
(1 + cos θ`)β` . (B.3)
The non-zero tensor amplitudes are
L
T0,1/2
1/2,t,± =− LT0,−1/2−1/2,t,± = ∓LT5,1/21/2,±,0 = ±LT5,−1/2−1/2,±,0 = ∓
√
q2 sin θ`√
2
,
L
T0,1/2
1/2,±,0 =L
T0,−1/2
−1/2,±,0 = ∓LT5,1/21/2,t,± = ∓LT5,−1/2−1/2,t,± = −
β`
√
q2 sin θ`√
2
,
L
T0,±1/2
∓1/2,t,± =∓ LT5,±1/2∓1/2,±,0 = ±
√
2(1− cos θ`)m` ,
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Figure 3. Feynman diagram of the decay Λb → Λ(→ Npi)`+`−.
L
T0,±1/2
∓1/2,t,∓ =± LT5,±1/2∓1/2,∓,0 = ±
√
2(1 + cos θ`)m` ,
L
T0,±1/2
±1/2,+,− =− LT5,±1/2±1/2,t,0 = −
√
q2β` cos θ` ,
L
T0,±1/2
±1/2,t,0 =L
T5,∓1/2
∓1/2,+,− = ∓
√
q2 cos θ` ,
L
T0,±1/2
∓1/2,t,0 =L
T5,±1/2
∓1/2,−,+ = 2 sin θ`m` . (B.4)
C Determination of the angular distribution
In this appendix, we introduce a method called narrow-width approximation to
calculate the angular distribution of four-body processes [18, 69, 70]. We take
Λb → Λ(→ Npi)`+`− decay as an example to illustrate this method.
The conventions are collected as follows
H(sΛb , sΛ) ≡ 〈Λ(sΛ)| O |Λb(sΛb)〉 ,
H(sΛb , sΛ, λ) ≡ µ∗(λ) 〈Λ(sΛ)| Oµ |Λb(sΛb)〉 ,
H(sΛb , sΛ, λ1, λ2) ≡ µ∗1 (λ1)ν∗2 (λ2) 〈Λ(sΛ)| Oµν |Λb(sΛb)〉 ,
L(s`+ , s`−) ≡
〈
`−(s`−)
∣∣O ∣∣`+(s`+)〉 ,
L(s`+ , s`− , λ) ≡ ¯µ(λ)
〈
`−(s`−)
∣∣Oµ ∣∣`+(s`+)〉 ,
L(s`+ , s`− , λ1, λ2) ≡ ¯µ1(λ1)¯ν2(λ2)
〈
`−(s`−)
∣∣Oµν ∣∣`+(s`+)〉 . (C.1)
They correspond to the helicity amplitudes of scalar (pseudoscalar), vector (axial
vector) and tensor operators, respectively.
Λ→ Npi amplitude can be written as H(sΛ, sN) ≡ 〈N(sN)pi| O |Λ(sΛ)〉. The Λ
propagator is recorded as i
k2−m2Λ
, as shown in Fig. 3. Based on the above discussion,
the invariant amplitude of Λb → Λ(Npi)`+`− reads 2
M0(sΛb , sN , s`+ , s`−) =
〈
N(sN)pi`
+(s`+)`
−(s`−)
∣∣Heff |Λb(sΛb)〉
2The coefficient 12 comes from PL(R) in b→ s`+`− effective Hamiltonian.
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=
∑
sΛ
〈
Λ(sΛ)pi`
+(s`+)`
−(s`−)
∣∣Heff |Λb(sΛb)〉
× i
k2 −m2Λ
〈N(sN)pi| O |Λ(sΛ)〉
=
i
k2 −m2Λ
∑
sΛ
H(sΛ, sN)
[1
2
H(sΛb , sΛ)L(s`+ , s`−)
+
1
2
∑
λ
gλ,λH(sΛb , sΛ, λ)L(s`+ , s`− , λ)
+
∑
λ1,λ2
gλ1,λ1gλ2,λ2H(sΛb , sΛ, λ1, λ2)L(s`+ , s`− , λ1, λ2)
]
≡ i
k2 −m2Λ
M1(sΛb , sN , s`+ , s`−) . (C.2)
After averaging over the helicity of Λb , we get
|M|2 =1
2
∑
sΛb
∑
sN
∑
s`+
∑
s`−
|M0(sΛb , sN , s`+ , s`−)|2
=
1
(k2 −m2Λ)2
1
2
∑
sΛb
∑
sN
∑
s`+
∑
s`−
|M1(sΛb , sN , s`+ , s`−)|2
≡ |N |
2
(k2 −m2Λ)2
1
2
, (C.3)
|N |2 ≡
∑
sΛb
∑
sN
∑
s`+
∑
s`−
|M1(sΛb , sN , s`+ , s`−)|2
=
∑
sΛb
∑
s`+
∑
s`−
∑
sΛ
∑
s′Λ
[
∑
sN
H(sΛ, sN)H
∗(s′Λ, sN)]
×
[1
4
H(sΛb , sΛ)L(s`+ , s`−)H
∗(sΛb , s
′
Λ)L
∗(s`+ , s`−)
+
1
4
∑
λ
∑
λ′
gλ,λgλ′λ′H(sΛb , sΛ, λ)L(s`+ , s`− , λ)H
∗(sΛb , s
′
Λ, λ
′)L∗(s`+ , s`− , λ′)
+
∑
λ1,λ2
∑
λ′1,λ
′
2
gλ1,λ1gλ2,λ2gλ′1,λ′1gλ′2,λ′2H(sΛb , sΛ, λ1, λ2)L(s`+ , s`− , λ1, λ2)
×H∗(sΛb , s′Λ, λ′1, λ′2)L∗(s`+ , s`− , λ′1, λ′2)
+
1
4
∑
λ
gλ,λ[H(sΛb , sΛ, λ)L(s`+ , s`− , λ)H
∗(sΛb , s
′
Λ)L
∗(s`+ , s`−)
+H∗(sΛb , s
′
Λ, λ)L
∗(s`+ , s`− , λ)H(sΛb , sΛ)L(s`+ , s`−)]
+
1
2
∑
λ1,λ2
gλ1,λ1gλ2,λ2 [H(sΛb , sΛ, λ1, λ2)L(s`+ , s`− , λ1, λ2)H
∗(sΛb , s
′
Λ)L
∗(s`+ , s`−)
+H∗(sΛb , s
′
Λ, λ1, λ2)L
∗(s`+ , s`− , λ1, λ2)H(sΛb , sΛ)L(s`+ , s`−)]
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+
1
2
∑
λ1,λ2
∑
λ′
gλ1,λ1gλ2,λ2gλ′,λ′
× [H(sΛb , sΛ, λ1, λ2)L(s`+ , s`− , λ1, λ2)H∗(sΛb , s′Λ, λ′)L∗(s`+ , s`− , λ′)
+H∗(sΛb , s
′
Λ, λ1, λ2)L
∗(s`+ , s`− , λ1, λ2)H(sΛb , sΛ, λ
′)L(s`+ , s`− , λ′)]
]
. (C.4)
By Eq. (A.11), we can get [18, 70]∫
dΦ4
|M |2
2mΛb
=
∫
dΦ¯4dk
2 1
2mΛb
|N |2
(k2 −m2Λ)2
1
2
ΓΛmΛ−−−−−→
∫
dΦ¯4dk
2 |N |2
22mΛb
1
(k2 −m2Λ)2 + (mΛΓΛ)2
→ 1
22mΛb
∫
dΦ¯4dk
2 |N |2 pi
mΛΓΛ
δ(k2 −m2Λ)
=
1
22mΛb
pi
mΛΓΛ
∫
dΦ¯4 |N |2 |k2=m2Λ
=
1
212pi4m3Λb
∫
1
q2
dq2d cos θ`d cos θΛdφ
√
λ(m2Λb ,m
2
Λ, q
2)
√
λ(q2,m2`+ ,m
2
`−)
× 1
ΓΛ
1
24pim3Λ
√
λ(m2Λ,m
2
N ,m
2
pi) |N |2 |k2=m2Λ . (C.5)
A brief proof of narrow width approximate formula is as follows. Dirac delta
function has the following two properties
lim
→0

2 + x2
= piδ(x) , δ(
k2
m2Λ
− 1) = m2Λδ(k2 −m2Λ) . (C.6)
Thus, we can obtain
1
(k2 −m2Λ)2 + (mΛΓΛ)2
=
1
m3ΛΓΛ
ΓΛ
mΛ
( ΓΛ
mΛ
)2 + ( k
2
m2Λ
− 1)2
ΓΛmΛ−−−−−→ 1
m3ΛΓΛ
piδ(
k2
m2Λ
− 1)
=
pi
mΛΓΛ
δ(k2 −m2Λ) . (C.7)
So far, we have deduced all the formulas involved to calculate four body angular
distribution.
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